We report on the Chandra X-ray Observatory ACIS-S3 imaging observation of the Galactic globular cluster M4 (NGC 6121). We detect 12 X-ray sources inside the core and 19 more within the cluster halfmass radius. The limiting luminosity of this observation is L x ≈ 10 29 erg s −1 for sources associated with the cluster, the deepest X-ray observation of a globular cluster to date. We identify 6 X-ray sources with known objects and use ROSAT observations to show that the brightest X-ray source is variable. Archival data from the Hubble Space Telescope allow us to identify optical counterparts to 16 X-ray sources. Based on the X-ray and optical properties of the identifications and the information from the literature, we classify two (possibly three) sources as cataclysmic variables, one X-ray source as a millisecond pulsar and 12 sources as chromospherically active binaries. Comparison of M4 with 47 Tuc and NGC 6397 suggests a scaling of the number of active binaries in these clusters with the cluster (core) mass.
INTRODUCTION
Faint X-ray sources (L x < ∼ 10 35 erg s −1 ) were first discovered in observations made with the Einstein and ROSAT observatories (Hertz & Grindlay 1983; Verbunt 2001) . It was only with Chandra, however, that a large number of faint sources was identified: more than one hundred in 47 Tuc, and up to a few dozen each in e.g. NGC 6397, NGC 6752, NGC 6440, and ω Cen (Grindlay et al. 2001a,b; Pooley et al. 2002a,b; Rutledge et al. 2002) . These faint sources represent a mix of objects with different X-ray luminosities. Brightest are the neutron stars accreting at a low rate from a companion (quiescent low mass X-ray binaries or qLMXBs), followed by white dwarfs accreting from low-mass companions (cataclysmic variables or CVs. The active binaries (ABs) tend to be the faintest, while radio pulsars with short periods (millisecond or recycled pulsars, MSPs) have Xray luminosities comparable to CVs. The three types of chromospherically or magnetically active binaries are detached binaries of two main sequence stars (BY Dra systems), detached binaries of a main sequence star and a giant or a subgiant (RS CVn systems) and contact bi-naries (W UMa systems).
Globular clusters contain many more neutron star binaries per unit mass than the galactic disc. Hence, if in a globular cluster one finds a binary with a neutron star (which is rather difficult to make via ordinary evolution of an initial binary), it is highly probable that this binary was formed via a close encounter between stars (Fabian et al. 1975; Hills 1976) . Isolated millisecond pulsars in globular clusters are thought to have been formed in such binaries, and thus are probably also a result of close stellar encounters.
On the other hand, binaries that are common in the field, are more likely to be primordial of origin in globular cluster, including the chromospherically active binaries. Cataclysmic variables are relatively common in the Galactic disk, and those in globular clusters could originate from primordial binaries or stellar encounters. Pooley et al. (2003) showed that the number of faint sources above the threshold L x > 4 × 10 30 erg s −1 in a cluster scales with its collision number Γ, which is a theoretical estimate for the number of close encounters. Since the majority of such sources are cataclysmic variables, this indicates that most cataclysmic variables in globular clusters are in fact formed via close stellar encounters.
Most clusters investigated with Chandra so far have relatively high collision numbers; because the limit to which X-ray sources in these clusters could be detected is relatively high, most X-ray sources known in these clusters are either neutron stars (accreting or radio pulsars), or cataclysmic variables. So far, a sizable number of Xray sources has been identified as chromospherically active binaries only in 47 Tuc (Edmonds et al. 2003a,b) . In this paper, we discuss a globular cluster with a relatively low collision number, M4 (NGC 6121) . This cluster is a relatively nearby cluster with a moderate absorption (d = 1.73 kpc, A V = 1.32, Richer et al. 1997) . The core and half-mass radii of M4 are 49.
′′ 8 and 3. ′ 65, respectively (Harris 1996) . We use these values throughout the paper.
A priori, we would thus expect that the majority of X-ray sources in this cluster to be chromospherically active binaries. That chromospherically active binaries exist in this cluster is evident from optical studies. For example, Kaluzny et al. (1997) discovered a number of optical variables, including several contact binaries. The presence of a recycled radio pulsar PSR B1620−26 (Lyne et al. 1988) in M4 is remarkable, but can be explained by noting that the small collision numbers of many globular clusters still add up, so that at least some of the clusters with small Γ should contain a binary with a neutron star (Verbunt & Hut 1987) . PSR B1620−26 is in a 191 day orbit around a white dwarf of ∼ 0.3 M ⊙ ; the binary is accompanied by a third object of planetary mass in an orbit of ∼ 100 years (Thorsett et al. 1999; Sigurdsson et al. 2003 ).
X-RAY OBSERVATIONS AND ANALYSIS
M4 was observed for 25.8 ks on 2000 June 30 with the Advanced CCD Imaging Spectrometer (ACIS) on the Chandra X-ray Observatory with the telescope aimpoint on the back-side illuminated S3 chip. The data were taken in timed-exposure mode with the standard integration time of 3.24 s per frame and telemetered to the ground in faint mode.
Data reduction was performed using the CIAO 2.3 software provided by the Chandra X-ray Center (CXC)
8 . We reprocessed the data using the CALDB 2.21 set of calibration files (gain maps, quantum efficiency, quantum efficiency uniformity, effective area) without including the pixel randomization that is added during standard processing. This method slightly improves the point spread function. We filtered the data using the standard ASCA grades, and we excluded both bad pixels and softwareflagged cosmic ray events. Intervals of background flaring were searched for, but none were found, hence we simply applied the good-time intervals supplied by the CXC.
Source Detection
The CIAO wavelet-based wavdetect tool was employed for source detection in both the 0.5-6.0 keV band and 0.3-10.0 keV band. We detected 41 sources on the entire S3 chip in the 0.5-6.0 keV band; for the wavdetect settings we used, approximately one of those detections may be spurious. Of these sources, 30 lie within the halfmass radius of the cluster.
We also searched part of the adjacent S4 CCD since part of the halfmass region fell on this chip, but no sources were detected in this area. One additional source was detected on S3 in the broader 0.3-10.0 keV band with three counts, two of which were between 8 and 10 keV. The significance of this source, as well as its possible membership of the cluster, is questionable. For completeness, however, we leave it in our source list (Table 1) as the last source. The sources are numbered according to detected counts in the 0.5-6.0 keV band.
From the log N − log S relationships of Giacconi et al. (2001) , we expect between 5 and 6 background sources within the cluster halfmass radius. However, as M4 is located towards the bulge of the galaxy (l = 351.0 Harris 1996) this relation would underestimate the galactic contribution of background sources and provide a lower limit only. We have analyzed ACIS-S3 data Shown are all counts in the 0.5-6.0 keV range. The cluster center, core and half-mass radii are indicated by a cross and two circles, respectively (Harris 1996) . The detected X-ray sources are marked and numbered, omitting the "CX" prefix. X-ray sources classified as cataclysmic variables are indicated with triangles, chromospherically active binaries with stars, millisecond pulsars with squares and unclassified or ambiguous sources are indicated with circles. See Section 4 for the source classification. Also shown are three archival pointings of the HST /WFPC2 used to locate optical counterparts to the Chandra X-ray sources.
from the October 15, 2002 Chandra observation of the low-mass X-ray binary (LMXB) MXB 1659−298, which has l = 353.8
• and b = 7.3
• . In the 27 ks of this observation the 1/4 subarray of the S3 CCD shows 5 sources, other than the LMXB itself, in the 0.5-6.0 keV band. Scaling this up to the whole chip and taking into account Poissonian errors would give rise to some 20 sources within an area of the size of the M4 half-mass radius. Given that MXB 1659−298 is located about 10
• closer to the galactic center this would overestimate the number of background sources towards M4. Though both limit determinations are very different in nature, we expect 6 to 20 background sources within the half-mass radius of M4, and zero or one within the core.
All sources are consistent with being point sources. However, CX5 and CX9 overlap somewhat. They were identified by wavdetect as two separate sources. It is possible that they are actually a single extended object, but the double-peaked nature of the image lends support to the interpretation as two point sources.
There is some evidence for excess emission on the approximately 32 200 pixels inside the core radius. The residual number of counts (i.e., the total counts minus those due to the 12 point sources inside the core) in the 0.5-6.0 keV band is 438 ± 20 counts, while from a sourcefree region outside the core one would expect 287 ± 15 counts. This excess emission could be due to either unresolved point sources or diffuse emission.
A 5 ′ × 5 ′ portion of the Chandra exposure of M4 is shown in Figure 1 . The detected sources are encircled and numbered. The cross indicates the cluster center, while the circles denote the core and half-mass radius.
2.2. Count Rates We extracted source counts in the following bands: 0.5-1.5 keV (X soft ), 0.5-4.5 keV (X med ), and 1.5-6.0 keV (X hard ). The detected count rate was corrected for background, exposure variations, and foreground photoelectric absorption. We make these corrections in order to produce an X-ray color-magnitude diagram (CMD) that can be compared to the X-ray CMDs that have resulted from Chandra observations of other globular clusters. In addition, however, attention must be paid to differences in detector responses and, of course, exposure times and distances.
The background count rate in each band was estimated from a source-free region on the S3 chip outside the core and to the northwest. The density of background counts in each band (for the 25.8 ksec observation) is 0.0043 counts pixel −1 in X soft , 0.0077 counts pixel −1 in X med , and 0.0047 counts pixel −1 in X hard . The background count rate in the core may be somewhat higher, but even factors of a few greater than this estimate have negligible effects on our analysis.
In general, the exposure variations among sources were at the ∼7% level or less, but CX30 had an exposure which was 20% less than the others. To account for these variations in exposure, we applied multiplicative corrections based on the ratio of the average effective area of the detector at the location of a source in each of the three bands to that in the same band of CX6, which had the highest average exposure. The individual effective area curves for the sources were made using the CIAO tool mkarf. The average effective area of the detector at the location of CX6 in each of the bands was 538 cm 2 (X soft ), 451 cm 2 (X med ), and 376 cm 2 (X hard ). While the previous corrections were relatively minor (at the few percent level or less), the correction for photoelectric absorption is appreciable for M4. The conversion of optical extinction to column density (Predehl & Schmitt 1995 ) gives a value of N H = 2.36 × 10 21 cm −2 . We investigated the effects of such an absorption on three characteristic spectra: a 3 keV thermal bremsstrahlung, a 0.3 keV blackbody plus power law with photon index of Γ = 2, and a power law with a photon index of Γ = 2. The effects were most prominent in the X soft band, where the absorbed count rate was a factor of 2.2-2.5 lower than the unabsorbed one (depending on the spectrum). Averaging the results of each spectrum in each band, we use the following correction factors: 2.38 (X soft ), 1.87 (X med ), and 1.10 (X hard ). Table 1 lists both the observed and fully corrected counts in each band. The effect of the absorption correction on the X-ray CMD (Fig. 2) is a uniform shift of all points 0.27 units on the left axis and 0.34 units on the bottom axis. The bottom and left axes give the X-ray color and magnitude without this shift (they do, however, include the small corrections for background subtraction and exposure variations).
Spectral Fitting
We used the CIAO tool dmextract to extract spectra of sources CX1-CX4 in the 0.3-10 keV range. We binned the spectra to have at least 10 counts (20 counts for CX1) Fig. 2 .-X-ray color-magnitude diagram. The X-ray color is defined as the logarithm of the ratio of X soft (0.5-1.5 keV) corrected counts to X hard (1.5-6.0 keV) corrected counts, and the magnitude is the logarithm of X med (0.5-4.5 keV) corrected counts. Our correction for photoelectric absorption has the effect of uniformly shifting the data +0.27 units on the left axis and +0.34 units on the bottom axis. The bottom and left axes provide the absorbed color and magnitude scales ( a ), i.e., the observed colors and magnitudes uncorrected for absorption. For the sake of clarity, only a few error bars (1σ) are shown. Sources CX14, CX18, CX28 and CX31 were not detected in either the X soft or X hard band, respectively. We illustrate their limits on log X soft /X hard by adopting a single count in these bands. The X-ray sources are marked as in Fig. 1 . See Section 4 for the source classification.
per bin and fit them in XSPEC (Arnaud 1996) using χ 2 statistics.
For CX2, CX3, and CX4, three different models (with absorption) were fit: thermal bremsstrahlung (TB), blackbody with a small (∼20%) power-law contribution (BB+PL), and power law (PL). We fixed N H to the value from optical extinction. As expected for such low-count spectra, very few fits could be formally ruled out. We estimated the unabsorbed source luminosities by averaging the results from the three best-fit models for each source. The spread in L x of the three models was ∼15% for each source. Fitting a linear relation to these luminosities versus corrected X med counts, we have estimated the unabsorbed luminosities for sources CX5-CX31 based on their X med counts (note though that any differences between spectra are not accounted for). These are listed in Table 1 .
The X-ray color and magnitude of CX1 ( Fig. 2) suggested that it might be a CV, but the spectral fits using an absorbed TB model (with N H allowed to vary) preferred the maximum temperature allowed by the model in XSPEC, namely, kT = 200 keV, which gave a χ 2 /d.o.f. of 36.0/39. Fixing the temperature at the more reasonable value of kT = 25 keV still allowed for a statistically acceptable fit (χ 2 /d.o.f. of 42.1/40). The TB results indicated a rather hard spectrum, and an absorbed PL model (again with N H allowed to vary) gave a best-fit photon index of 0.99 ± 0.17 and best-fit N H of (2.6
f. of 33.3/39. The PL fit is shown in Fig. 3 , and the unabsorbed luminosity from this model is 6.8 × 10 31 erg s −1 in the 0.5-2.5 keV band. 2). Positional uncertainties are given in parentheses and refer to the last quoted digit and are the centroiding uncertainties given by wavdetect.
OPTICAL OBSERVATIONS
c Corrections are described in Sect. 2.2. The X-ray bands are 0.5-1.5 keV (X soft ), 0.5-4.5 keV (X med ) and 1.5-6.0 keV (X hard ). d For sources CX1-CX4, Lx comes from an average of the best-fit models for each source (Sect. 2.3). A linear relation between Lx and X med counts for these sources was derived and used to estimate Lx for sources CX5-CX31 based on their X med counts. Typical uncertainties in Lx are ∼ 15 %.
e Type of counterpart (optical and/or radio) found and associations (if any) with previously reported sources. The "V" numbers refer to optical variables by Kaluzny et al. (1997) and Mochejska et al. (2002) . R9 is an X-ray source detected by ROSAT (Verbunt 2001) .
f Classification of the sources; see Sect. 4. The abbreviation MSP stands for millisecond pulsar, CV for cataclysmic variable and AB for active binary. See text for details.
Three fields located inside the half-mass radius have been observed with the Wide Field Planetary Camera 2 (WFPC2) aboard the Hubble Space Telescope (HST ), and are shown in Fig. 1 . Deep observations (dataset GO-5461) of three fields were obtained to determine the mass and luminosity functions of the main and white dwarf sequence (Richer et al.1995 (Richer et al. , 1997 and two of these fields (see Fig. 1 , grey outlines) fall within the cluster halfmass radius. These two fields were imaged for 11 800 s in F336W (hereafter U 336 ), 15 000 s in F555W (V 555 ) and 5 500 s in F814W (I 814 ) and were reobserved in I 814 , with exposure times of 5 680 s, (GO-8153) approximately 5 years later. This allowed separation of field stars from the low luminosity cluster members through proper motion properties (Bedin et al. 2001) . Finally there exist shallow (249 s) V 555 and (249 s) I 814 observations (GO-6116) originally obtained to search for the optical counterpart of PSR B1620−26. These observations (Fig. 1 , black outline) cover nearly the entire region enclosed by the core radius. Of the 31 sources listed in Table 1, 18 coincide with the three HST /WFPC2 fields.
This section outlines the data reduction, photometry and astrometry of the HST /WFPC2 images.
Data Reduction and photometry
The single HST images and the association products 9 were obtained from the ESO archive. The single images were already calibrated, including full bias subtraction and flatfielding. The association products consist of co-added, cosmic-ray cleaned images and association files, which contain the shifts between the single images. These shifts were used as input for the further reduction of the data, using HSTphot 1.1 (Dolphin 2000a ). This package is especially written for the reduction and photometry of HST images. First, the HSTphot task mask was used on each image to mask bad pixels and image defects. This ensures that these pixels are not used in the further analysis. The task crmask was used to remove the cosmic ray hits, which are widely present in the separate images. For each filter the images were compared against each other to remove the cosmic ray events. The HSTphot task hotpixels was then used to mask the known hot pixels in the WFPC2 detectors.
To obtain photometry for each individual image we used the photometry task hstphot of HSTphot 1.1. This task takes as input all available images in each filter and produces a master list of positions and magnitudes for each star found. The positions and magnitudes are determined by fitting a model point spread function (PSF), to each star. After all stars are fitted it calculates aperture corrections and corrects for the charge transfer efficiency effect. These corrections, together with the zero-points are described in (Dolphin 2000b ).
Astrometry
To search for optical counterparts to the Chandra Xray sources we aim to place both the X-ray and the optical frame onto the International Celestial Reference System (ICRS). We use this approach to improve the absolute pointing accuracy of Chandra and HST, 0.
′′ 6 and 1.
′′ 0 (1σ) respectively (Aldcroft et al. 2000; Biretta et al. 2000) .
To place the HST images onto the ICRS we use two intermediate steps; first, we align a ground-based image onto the ICRS using an astrometric catalog, then we align the HST images onto the ground-based image. To bring the X-ray frame onto the ICRS we use three optical identifications of X-ray sources. ′ × 8 ′ subimage, containing the entire area within the half-mass radius, was extracted from this chip.
We found 115 stars on this subimage that matched entries in the USNO CCD Astrograph Catalog (UCAC1, Zacharias et al. 2000) . Of these stars, 91 were not saturated and appeared stellar and unblended and were used to compute an astrometric solution, fitting for zero-point position, scale and position angle. Five outliers, having residuals larger than 0.
′′ 2 were rejected from the fit. The final solution has rms residuals of 0.
′′ 05 in both coordinates.
We calibrate the HST frames with the astrometric solution of the WFI image. First, the pixel positions of the stars in the HST datasets are placed on a single metaframe using the geometric distortion corrections and relative chip positions/orientations found by . Next, using the astrometric solution in the FITS header of the HST images, nominal celestial coordinates are computed for some 300-400 of the brightest stars. These positions are then matched with stars on the WFI image and their centroids are measured. Similar selection criteria for saturation and blending are used as with the UCAC stars. An astrometric solution is calculated from the calibrated celestial coordinates and the metaframe positions of the HST stars. Outliers having residuals larger than three times the rms residual of the fit are removed, and a new solution is computed. This process is iterated until convergence. On average after convergence the astrometric solution contained some 200 stars with rms residuals of 0.
′′ 07 in both right ascension and declination.
The 1σ uncertainty in the optical positions is 0. ′′ 12, the quadratic sum of the positional uncertainty in the tie of the WFI image to the UCAC (0.
′′ 07) and the uncertainty in the transfer to the HST frames (0.
′′ 09) and the uncertainty in the tie of the UCAC onto the ICRS (0.
′′ 02, Assafin et al. 2003) .
By placing the HST and WFI observations onto the ICRS with the UCAC we effectively set these images at the epoch of the UCAC observation, which is 1999.4. This implies that any average proper motion between the epochs of the HST and WFI observations has been removed.
The difference in proper motion between cluster members and background stars (Bedin et al. 2003) possibly explains why our uncertainty in the calibration between HST and WFI is larger than what we have found for similar calibrations of data from other clusters (e.g. Bassa et al. 2003) .
Astrometry of the Chandra frame
We use three optical identifications in the HST data of the Chandra X-ray sources to place the X-ray frame onto the ICRS frame of the HST /WFPC2 images: the white dwarf companion of PSR B1620−26 and two W UMa variables.
At the UCAC epoch, 1999.4, the position of PSR B1620−26 is α J2000 = 16 h 23 m 38. s 2147(5), δ J2000 = −26
• 31 ′ 53. ′′ 95(4), where we use the position and proper motion from Thorsett et al. (1999) . According to our optical astrometry, this position is compatible with a white dwarf, at an offset of −0.
′′ 04 ± 0. ′′ 09 (−0. s 003 ± 0. s 006) in right ascension and 0.
′′ 07 ± 0. ′′ 10 in declination for the The first three panels show CMDs from the GO-6116 dataset for the PC1, WF3 and WF4 chips, respectively (no X-ray sources coincide with the WF2 chip). The fourth and fifth panel show two CMDs of the data in both GO-5461 fields. All stars inside the 95% confidence error circles are marked, while the candidate counterparts are numbered. The X-ray sources are marked as in Fig. 1 . The candidate counterpart to CX24 is plotted twice, as it was observed in both fields of the GO-5461 dataset and had varied in brightness. The candidate counterpart was brightest during the observation of the field closest to the core of M4.
GO-5461 dataset. (The uncertainty in this offset is the quadratic sum of the uncertainty in the optical astrometry and the uncertainty in the corrected pulsar position.) With our accurate position (0.
′′ 12) for the white dwarf, we confirm the identification by Sigurdsson et al. (2003) and Richer et al. (2003) of this white dwarf as the companion of the pulsar. The position of X-ray source CX12 coincides with that of PSR B1620−26.
Five optical variables found by Kaluzny et al. (1997) and Mochejska et al. (2002) , roughly coincide with Chandra X-ray sources, three of which are in the HST field(s) of view. Comparison of the Kaluzny et al. (1997) finding charts with our WFI and HST images shows that the variables are indeed excellent matches to the X-ray sources. The three variables coincident with the HST images are all identified as W UMa binaries. V55/CX18 is a single star on the HST images, and we are confident that it is the star responsible for the optical variability. However, the variables V48 and V49 both are blends of four and two stars respectively. In the case of CX13/V49 one of the stars is clearly above the main sequence, indicating that this star is the variable. However, for CX15/V48 all stars of the blend lie on the main-sequence, and none of these can be securely identified as the variable.
We therefore use the optical positions of the white dwarf companion to PSR B1620−26 and the variables V49 and V55 to compute the shift needed to place the Xray positions of CX12, CX13 and CX18 onto the optical positions. We have a total of 6 measurements, as CX12 is in the field of view of datasets GO-6116, GO-5461 and GO-8153, CX13 only in that of GO-6116 and CX18 in those of GO-5461 and GO-8153. The weighted average shift is 0.
′′ 00 ± 0. ′′ 05 in right ascension and 0. ′′ 15 ± 0. ′′ 05 in declination, well within the 1σ uncertainty of the absolute Chandra pointing accuracy. We apply this shift as a boresight correction to the X-ray positions.
Identification of counterparts in the HST images
We search for optical/UV stars inside 95% confidence radii of the Chandra sources positions. The 1σ uncertainty in a source position is the quadratic sum of the positional uncertainty for the X-ray source (Table 1) , the uncertainty in the optical astrometry (0.
′′ 12) and the uncertainty in the X-ray boresight correction (0.
′′ 07). The -5 ′′ × 5 ′′ finding charts for the candidate optical counterparts. The finding charts are constructed from the coadded V 555 "association" images. For sources CX2, CX12, CX18 and CX24, images from the GO-5461 dataset were used, images from the GO-6116 dataset are used for the other candidate counterparts. The 95% confidence uncertainties on the Chandra positions are overlaid on these charts, while the candidate counterparts are indicated with an arrow. No arrow is present for sources CX15 and CX21 as no candidate counterparts were found. The pixel scale varies between sources coincident with WF chips and the PC1 chip (CX3 and CX26). The greyscale of these images is chosen as such to enhance the visibility of the candidate counterparts.
95% confidence radius is a factor [−2 log(1 − 0.95)] 1/2 = 2.448 larger than the 1σ uncertainty in the position.
Each of the X-ray source error circles was visually checked for stars that were not found during the initial run of hstphot. Stars that were missed were added by hand and the photometry task was executed again.
The resulting photometry lists were used to create a set of color-magnitude diagrams (CMDs), shown in Figure 4 . The data from the GO-6116 dataset is separated into three panels, one for each HST /WFPC2 chip containing X-ray sources, as the cluster main sequence is displaced by about 0.1 magnitude in V 555 − I 814 between the individual chips. Differential reddening towards M4 (Cudworth & Rees 1990 ) is the likely cause for this. The data from the two GO-5461 fields, shown in the last two panels, did not display these displacements in color and the data from all four chips is plotted.
We used the hstphot information indicating the goodness of fit for a star to exclude the diffraction spike artifacts. These artifacts are widely present, especially in the GO-5461 dataset, which had the longest exposures. For more information we refer to the HSTphot 1.1 manual 10 . All stars within the 95% confidence radii of the Chandra source positions are marked in Figure 4 . Stars with colors abnormal with respect to the cluster main sequence or giant branch are identified as candidate counterparts and are numbered in Fig. 4 . Positional and color information for each candidate counterpart is tabulated in Table 2 . Finding charts are shown in Figure 5 .
Identification of counterparts in the WFI image
Several of Chandra X-ray sources coincide with stars on the WFI image. Two of these stars, identified by Mochejska et al. (2002) as variables V52 and V56 are Note. -Optical positions and magnitudes of the candidate counterparts. The optical positional is given by the Chandra value plus offset (in true seconds of arc) in each coordinate. Magnitude uncertainties are given in parentheses and refer to the last quoted digit. Stars that were saturated in a pass band are denoted with "sat." and stars that are not detected in a band are denoted with "und.".
a The HST GO dataset number from which the position and magnitudes are determined. For CX3, CX24 and CX26 the first entry for dataset GO5461 and GO8153 refers to the field nearest to the cluster center. b This measurement is likely in error due to the proximity of the star to the edge of the chip. coincident with X-ray sources CX8 and the possibly blended source CX5-9, respectively. The X-ray source CX7 coincides with the UCAC1 star 22560073. The offset of the corrected X-ray position, as listed in Table 1 , from the optical position from UCAC is 0.
′′ 38 ± 0. ′′ 18 in right ascension and −0. ′′ 16 ± 0. ′′ 20 in declination. The error in this offset is dominated by the uncertainty in the X-ray position of CX7 in the Chandra frame; much smaller contributions to the error are due to the uncertainties in the X-ray to optical shift and in the optical position. Redetermining the X-ray to optical shift including CX7 with the other three optically identified X-ray sources, does not significantly change the value of the shift. Moreover, we cannot tell whether the UCAC star is single or the result of a blend, as the source falls outside the HST field(s) of view.
SOURCE CLASSIFICATION
In attempting to classify the X-ray sources detected in M4, we note that five of our optical counterparts to Chandra sources have a previously known classification. CX12 is a millisecond pulsar with a white dwarf companion (Thorsett et al. 1999) ; the optical counterpart corresponds to the white dwarf (Sigurdsson et al. 2003 , see also Fig. 4) . CX13/V49, CX15/V48 and CX18/V55 are contact binaries, and CX8/V52 is a BY Dra system, i.e. these four sources are all magnetically active binaries (Kaluzny et al. 1997; Mochejska et al. 2002) . The optical counterparts to CX13 and CX15 as identified from the ground based data, have both been resolved into multiple objects with HST /WFPC2. Kaluzny et al. (1997) noted that the optical counterpart to CX13, was brighter than expected for a contact binary with its period, placed at the distance and reddening of M4. This discrepancy is removed as our counterpart to CX13 is about a magnitude fainter than the blend. For the optical counterpart of CX15 the opposite appears to be the case. It was seen as a cluster member by Kaluzny et al. (1997) , but HST /WFPC2 observations indicate that V48 is a blend of 3 or 4 stars. Hence, the contact binary is too faint to be a member, and may be a background object.
The possible blend of CX5 and CX9 coincides with the variable giant V56 found by Mochejska et al. (2002) . If the giant is a member of a RS CVn binary then its variability and X-ray emission can be explained by magnetic activity.
In classifying the remaining X-ray sources we first look at the X-ray emission itself. A neutron star accreting at a low rate from a companion star, i.e. a low-luminosity (quiescent) low-mass X-ray binary (qLMXB), is characterized by a soft X-ray spectrum (black body colour temperature 0.3 keV) and a luminosity L x 10 32 erg s −1 (Verbunt et al. 1994; Rutledge et al. 1999) . None of the X-ray sources in our sample shows this characteristic, and we conclude that M4 does not contain a lowluminosity low-mass X-ray binary with an accreting neutron star. We extract further information from the location of the optical star in the color-magnitude diagrams of Fig. 4 : stars bluer than the main-sequence are possible cataclysmic variables, stars above the main-sequence possible magnetically active binaries. The ratio of X-ray to optical flux is also useful, as it roughly separates the cataclysmic variables from magnetically active binaries (Verbunt & Johnston 2000; Pooley et al. 2002a ). We illustrate this in Fig. 6 , where we plot data from 47 Tuc (Edmonds et al. 2003a,b) and NGC 6752 (Pooley et al. 2002a) , and add our data from M4.
CX2 is a probable cataclysmic variable, because it is blue (Fig. 4) and has a relatively high X-ray to optical flux ratio (Fig. 6) . High X-ray to optical flux ratios suggest that CX1, CX4 are also cataclysmic variables, even though they are located on the main sequence in the colour-magnitude diagram (Fig. 4) .
The X-ray luminosity of CX1 is too high for a magnetically active binary of two main sequence stars (i.e. a BY Dra system), and its optical magnitude excludes that it is a magnetically active binary with a subgiant (i.e. a The ratio between the X-ray luminosity Lx (0.5-2.5 keV) and the absolute V 555 (approximately V -band) magnitude for X-ray sources with identified optical counterparts. Five types of X-ray sources are shown, quiescent LMXBs (diamonds), MSPs (squares), CVs (triangles), ABs (stars) and unclassified (crosses). The closed points are sources from 47 Tuc (Grindlay et al. 2001 , Edmonds et al. 2003a ) and the open points are from NGC 6752 (Pooley et al. 2002) . The numbered points are the optical counterparts to the Chandra X-ray sources in M4, the number corresponds to the source number. The absolute magnitude of the optical counterparts is computed from the V 555 magnitudes and the V -band distance modulus as in Harris (1996) for 47 Tuc and NGC 6752 and that of Richer et al. (1997) for M4.
RS CVn system). This, and the relative hardness of the X-ray spectrum (Fig. 3) indicate that it is a cataclysmic variable. We note that the optical counterpart to CX1 is offset from the Chandra position by 2σ and might be a chance coincidence. This would indicate that the actual optical counterpart is even fainter, leading to higher X-ray to optical flux ratios, as seen with most other CVs.
The less luminous counterpart to CX4 is probably a cataclysmic variable; its location on the main-sequence in V 555 − I 814 has precedents in other globular clusters (Edmonds et al. 2003a,b) . The optical counterpart of CX24 varies by more than a magnitude in brightness (Fig. 4) . It is located further above or to the right of the main-sequence than the binary sequence. Hence we believe that CX24 is either a fore or background object and unrelated to M4. The same argument could be made for CX10. However, stars at similar positions in the color-magnitude diagram of other old clusters are confirmed members (albeit unexplained, see e.g. Mathieu et al. 2003 for M67, Albrow et al. 2001 for 47 Tuc and Orosz & van Kerkwijk 2003 . We therefore consider CX10 as a probable cluster member.
The relatively low X-ray to optical flux ratios of the remaining optical counterparts found with HST /WFPC2 suggests that they are active binaries. The counterparts of CX13 and CX18, already known to be contact binaries from ground based data, are among these. (The V 555 image of the optical counterpart of CX18 is over-exposed;
we use the estimate V 555 = (U 336 + I 814 )/2.) The others (CX3, CX10, CX20, CX22, CX25, CX26, CX27, CX28) are at or above the main-sequence, as expected for binaries, and we conclude that all of them are magnetically active binaries. The X-ray-to-optical flux ratio of any of the 2 candidate counterparts of CX21 is comparable to that of an active binary.
DISCUSSION
The X-ray luminosities of the Chandra sources in M4 are amongst the lowest ever observed in a globular cluster. More than half of the X-ray sources in this cluster have L x < 10 30 erg s −1 , compared to 10% of the sources in 47 Tuc (Grindlay et al. 2001a ) and 28% of the sources in NGC 6397 (Grindlay et al. 2001b) .
It is therefore not surprising that only one of the X-ray sources detected with Chandra may have been detected before. The position of the marginal ROSAT HRI source R9 (Verbunt 2001 ) is 7.
′′ 5 from that of CX1. Even though this is further than expected from the error given for the ROSAT HRI source, we think the identification is probable. The X-ray luminosity of the ROSAT HRI source is only 1.3 × 10 31 erg s −1 , a factor six below the luminosity detected with Chandra. The upper limit from the ROSAT PSPC observation is 1.5 × 10 31 erg s −1 . (These luminosities are re-computed for a distance of 1.73 kpc and for the spectrum of CX1, and thus differ from those given by Verbunt; mainly because he used a distance of 2.2 kpc.) This large variability indicates that CX1 is a cataclysmic variable rather than a radio pulsar. Note that even if the ROSAT source is not identical to CX1, it still provides an upper limit to the flux of CX1 during the ROSAT observations, and thus proves that CX1 is highly variable.
Several other X-ray sources coincide with optical variables discovered by Kaluzny et al. (1997) and Mochejska et al. (2002) . The sources CX13, CX15 and CX18 are coincident with W UMa variables V49, V48 and V55, with orbital periods of 0.283, 0.298 and 0.311 days, respectively. The upper limit on the X-ray luminosity of the other W UMa binaries found by Kaluzny et al. (1997) , V44, V47, V50, V51, V53 and V54, is about 3 × 10 29 erg s −1 . Both detections and upper limits of these W UMa variables are in agreement with the range of X-ray luminosities of W UMa binaries in the ROSAT All Sky Survey (Stȩpień, Schmitt & Voges 2001) .
CX8 coincides with the variable V52, which is classified as a BY Dra system with a period of 0.777 days. The possible blend of X-ray sources CX5 and CX9 coincides with the variable V56. No period is known for this object, but its variability (a rise of 0.1 mag in 4 days) and its location on the giant branch (Mochejska et al. 2002) are suggestive of an RS CVn variable. If it is, it is the first RS CVn binary detected in X-rays in a globular cluster -a marked contrast with old open clusters, where RS CVns dominate the X-ray sources (Belloni et al. 1998) . The exposure of the eclipsing binary V54 is not as good as for the other sources, hence the upper limit on the X-ray luminosity of this source is somewhat higher. Detections and upper limits of these binaries are well within the range observed for magnetically active binaries, e.g. in the ROSAT All Sky Survey (Dempsey et al. 1993) .
In trying to determine the X-ray luminosity function of M4, we can use the number of detected sources as a function of luminosity. However, the number of excess counts, not allocated to individually detected sources, also contains information about the luminosity function. If we assume a luminosity function dN ∝ L x −γ d log L x and a reference luminosity L r , then the ratio of the contributions to the total luminosity by sources in the ranges (0.1-1)L r and (1-10)L r is given by
( 1) and the ratio of the number of sources in the same ranges is
In particular, we note that for γ < 0.7 and a luminosity function continuing to arbritrary low luminosities the total luminosity of all sources with L x < L r is less than the luminosity for the sources with (1-10)L r . In the following we assume that the ratio of counts is proportional to the ratio of luminosities, and we use as a reference luminosity L r ≡ 6 × 10 29 erg s −1 . Following the method described in Johnston & Verbunt (1996) and Pooley et al. (2002b) we derive from the list of detected X-ray sources (Table 1) that γ = 0.71 for X-ray luminosities above L x (0.5 − 2.5) = 4.4 × 10 29 erg s −1 . The K-S probability of this value is 93%. For K-S probabilities above 10% the slope of the luminosity function has 0.47 < γ < 1.07.
In addition to the detected sources, we have an excess in the core of M4 of about 150 counts, uncorrected for absorption, which corresponds to roughly 300 counts corrected for absorption in the 0.5-6.0 keV band (which is the addition of counts in X soft and in X hard ). In this band, the five faintest sources in the core, CX20, CX21, CX22, CX26 and CX27 have between 14 and 10 counts. A minimum number of sources required to explain the excess counts is found by assuming that each source has 10-14 counts, which gives 22-30 sources.
The total number of ∼ 350 counts from sources in the core of M4 with L x < L r (five detected sources and the excess) is similar to that of the 6 sources in the range (1-10)L r . From our remark following Eqs. 1 and 2, we see that this implies that γ ≥ 0.7; for lower values of γ the sources with L x < L r do not contribute enough counts to explain the observed number. On the other hand, for γ = 1 the luminosity function must have a cutoff near 0.1L r , because otherwise the sources with L x < L r would produce more counts than is observed. With 6 sources in the range (1-10) L r , and for γ = 0.7 − 1.0 we have 30-60 core sources in the range (0.1-1)L r .
In the core of 47 Tuc there are 14 sources in the range (10-100) L r , which for γ = 0.7 − 0.8 leads to predicted numbers of 70-90 (of which 27 are already detected individually) in the range (1-10) L r , and 350-560 in the range (0.1-1) L r . These numbers are compatible with the total number of counts in the core of 47 Tuc from the observed sources plus the excess of about 500 counts, estimated by Grindlay et al. (2001a) .
In Table 3 we compare the collision numbers and the masses of the cores of M4 and 47 Tuc. We expect that the numbers of cataclysmic variables scales with the collision number, and the number of magnetically active binaries with the mass. In the range (1-10) L r the ratio of numbers of sources in the cores of M4 and 47 Tuc suggest that the ratio is set by mass rather than collision number. This in turn suggests that magnetically active binaries dominate the numbers at these luminosities, in agreement with our suggested identifications in M4.
Comparison with NGC 6397 is also interesting, as its collision number is somewhat higher, Γ = 2.1 (normalized to the value of M4) while its total mass (as measured from its absolute magnitude) is somewhat lower than that of M4. Within its half-mass radius, NGC 6397 contains 9 cataclysmic variables, 4 magnetically active binaries and 10 as yet unclassified sources (generally of low X-ray luminosity). Within the half mass radius of M4 we find 2 or 3 cataclysmic variables, 12 magnetically active binaries and 15 unclassified sources, of which an estimated 6-12 are background sources. The ratio for the numbers in NGC 6397 and M4 of magnetically active binaries is as expected for a scaling with mass. As already noted by Pooley et al. (2003) , NGC 6397 contains rather more cataclysmic variables than expected on the basis of its collision number. This is reflected in the flat slope of its X-ray luminosity function. If the high number of bright systems in NGC 6397 is explained by a higher mass of this cluster in the past (as suggested by Pooley et al. 2003) , one would expect an accordingly higher number of magnetically active binaries, in contrast to what is observed (assuming that magnetically active binaries have a similar evaporation rate as cataclysmic variables, much lower than the evaporation rate of single stars). In this respect, it is worth noting that the time scale on which a binary can be destroyed by a close encounter is short in NGC 6397 compared to most other clusters, including M4 and 47 Tuc (Verbunt 2003, in particular Figure 3b ). Since magnetically active binaries tend to have longer orbital periods then cataclysmic variables, they would be easier destroyed by close encounters. This might explain the absence of large numbers of such binaries in NGC 6397.
investigated the slope of the luminosity function of 47 Tuc and other globular clusters. They found that 47 Tuc has γ = 0.78
+0.16
−0.17 . We use the same method for the luminosities of the 31 X-ray sources in M4 (Table 1). Using a limiting luminosity of L x (0.5 − 2.5) = 4.4 × 10 29 erg s −1 we find a best fit of γ = 0.71 +0.14 −0.12 , which has a K-S probability of 93%. For K-S probabilities above 10% the slope of the luminosity function has 0.47 < γ < 1.07. Though uncertain, these numbers suggest that the luminosity function is similar to that of 47 Tuc, and unlike that of NGC 6397 (γ = 0.29 +0.11 −0.08 , Pooley et al. 2002b) . We now compare the number of sources and their countrates in M4 with those in 47 Tuc. Since the surveyed area of 47 Tuc is incomplete towards the cluster half-mass radius, we restrict this analysis to the core-radius of both clusters only. 
